ABSTRACT Does cell age matter in virulence? The emergence of persister cells during chronic infections is critical for persistence of infection, but little is known how this occurs. Here, we demonstrate for the first time that the replicative age of the fungal pathogen Cryptococcus neoformans contributes to persistence during chronic meningoencephalitis. Generationally older C. neoformans cells are more resistant to hydrogen peroxide stress, macrophage intracellular killing, and antifungal agents. Older cells accumulate in both experimental rat infection and in human cryptococcosis. Mathematical modeling supports the concept that the presence of older C. neoformans cells emerges from in vivo selection pressures. We propose that advanced replicative aging is a new unanticipated virulence trait that emerges during chronic fungal infection and facilitates persistence. Therapeutic interventions that target old cells could help in the clearance of chronic infections. 
important implications for our understanding of how chronic fungal infections persist.
RESULTS
Features of replicative aging, advanced age, and death in C. neoformans strains. Recording of C. neoformans cell survival (Fig. 1A) resulted in RLS curves similar to those of S. cerevisiae (23) . Notably, there was a wide range of RLSs for individual C. neoformans cells within a strain. The median RLS of 14 clinical C. neoformans strains (Fig. 1B ) was 29.8 generations, and the RLS ranged from 12 to 67.5 generations among strains (P Ͻ 0.001 by log rank test). The median RLS of serotype A strains (33.4 generations) was comparable to that of serotype D strains (35.3 generations) (P ϭ 0.845). In contrast to S. cerevisiae, the generational age of an individual C. neoformans cell could not be determined by vital stains for bud scars (see Fig. S1 in the supplemental material).
All strains demonstrated a gradual increase in cell body size with generational aging (Fig. 1C) . On the basis of the observed doubling time (DT) and sizeassociated phenotypic changes, we divided the RLS of C. neoformans into three phases: young, middle, and advanced age (Fig. 1D) . Generally, replications slowed significantly (Ͼ30% increase from the initial DT) to mark the beginning of advanced age after 70% completion of a strain's respective RLS.
Analogous to S. cerevisiae, death was assumed if the old cell did not replicate for 24 h, but occasionally cells reemerged from this arrest to replicate a few more times. Incomplete release of buds was noted for all strains, including the shortlived ISG12 strain in approximately 15% (3 or 4 out of 20 to 40) of old cells in their final replications (Fig. 1E) . Positive annexin V staining of older cells (14-generation-old H99 or 10-generation-old ISG12) (Fig. 1F ) isolated by the gentle method of elutriation demonstrated that 15 to 20% died by apoptosis (data not shown).
RLS is regulated by phenotypic switching, but not by the mating locus, and selection of variants with altered RLS occurs during chronic infection. Next, we investigated whether RLS is a stable or random trait in a C. neoformans strain. The majority of human-derived C. neoformans strains exhibit the MAT␣ mating type (13) and are more virulent The RLS of C. neoformans strains (J9 and RC-2) can be divided into young, middle, and advanced age based on changes in DT. (E) 10-generation-old C. neoformans cells (ISG12) manifested abnormal budding. Bar, 10 m. (F) In order to investigate how cells of advanced age died, 14-generation-old H99 cells or 10-generation-old ISG12 cells were stained with annexin V. Cells undergoing apoptosis stained positive for annexin V (green), those undergoing necrosis stained for propidium iodine (PI) (red), and the cells that had suffered loss of membrane integrity stained for both (red with green boundary). Young cells (overnight [O/N] culture) were treated with acetic acid to induce apoptosis and stained similarly. The cells were examined by immunofluorescence (IF) and differential interference contrast (DIC) microscopy. than congenic MATa strains (24) . However, our data show that in serotype A and D strains, median RLSs were comparable between MATa and MAT␣ congenic strains, indicating that RLS is a stable characteristic of a C. neoformans strain that is not regulated by the mating locus (Table 1) .
In contrast, phenotypic switching in the previously described strains SB4 (25) and RC-2 (26) significantly changed RLS. In both strains, the hypervirulent variant (SB4-C and RC2-MC) exhibited a shortened RLS compared to the parent variant (SB4-S and RC2-SM) ( Table 1 ). In strain RC-2, reversion of the MC variant back to SM (RC2-SM-R) did not correct this shortened RLS, despite reversion of the colony phenotype, whereas in strain SB4, reversion to S (SB4-S-R) extended RLS, but not to the extent of the original parent type.
As the RLSs of individual cells in a pathogen population exhibit a wide range, we hypothesized that C. neoformans cells with a longer or shorter RLS could be selected during chronic infection of the human host. The RLSs of sequential isolates (recovered 1 to 150 days apart) from 8 patients with CME were determined. Although all patients had CME, the strain, length of infection, and level of antifungal treatment were different for each patient. For 4 of the 8 patients (M7, M12, J22, and J35), the median RLS differed significantly between the early and late isolate (Table 1) . Notably, in 3 of these 4 pairs, isolates with a significantly shortened RLS emerged during chronic infection. In 4 other patients (M8, M9, J9, and J11), the median RLSs of sequential isolates were not altered further after passage, supporting the notion that the median RLS of a population is a stable trait and not a random trait, and changes in RLS require selection of variants with altered RLSs in the host (Table 1) .
Aging promotes resistance to hydrogen peroxide (H 2 O 2 ) and killing by macrophages. The concept of selection was then further investigated. First, we tested whether aging promoted resistance to reactive oxygen species (ROS)-mediated killing by host macrophages (27) . We assessed the ability of older C. neoformans cells to evade phagocytosis and killing by murine macrophages. Phagocytosis indices of 5 (6-to 15-generation-old) C. neoformans strains showed that in 4 of 5 strains, older cells were significantly more resistant to phagocytic uptake by macrophages ( Fig. 2A ) than young cells (overnight culture). Older cells were also more resistant to killing by macrophages 1 to 3 h after phagocytosis (Fig. 2B) . Only strain I114 did not demonstrate a difference in killing for older C. neoformans cells. Next, disc diffusion assays with H 2 O 2 ( Fig. 2C) , demonstrated that older C. neoformans cells were more (Fig. 2E ), nor did they resist macrophage killing (Fig. 2F) . Evidence for in vivo selection of cells of advanced age in rat CME. As outlined in our scheme (Fig. 3A) , the ability of virgin cells (N o ) to age one generation (N 1 ) depends on their survival (s i ) and on their fecundity (f i ), which change with progression to each age class (generational age). In a clonally expanding population, we expect a 10-generation-old cell from a strain with a typical RLS expected unless fecundity differs among generations and/or there is selection pressure that preferentially eliminates young cells, and thus allows cells of advanced age to accumulate. We hypothesized that such selection pressures are operative in vivo allowing older C. neoformans cells to accumulate. Using a Galleria mellonella infection model, we showed in vivo that S. cerevisiae cells derived from infected worms exhibited a higher number of bud scars than cells in the inoculum did (P Ͻ 0.01) (see Fig. S3 in the supplemental material). This indicated a selection toward older S. cerevisiae cells in worms even though S. cerevisiae is cleared in this model.
We then used a rat infection model that closely mimics human CME (21, 22) and found that the cell body size of CSF-derived C. neoformans cells (strain RC-2) increased significantly over 5 weeks of infection (Fig. 3B) . Notably, the cell size of the overnight culture was comparable to that measured in vitro for 0-generation-old cells (4.80 m), the size retrieved at 14 to 21 days of infection was comparable to that measured in vitro for 20-generation-old cells (5.93 m), and the size retrieved at 28 to 35 days after infection was comparable to that measured in vitro for 40-generation-old cells (7.65 m).
Next, the generational age of CSF-derived cells was assessed by immediately dissecting in vivo-derived cells (n Ն 40 per spinal tap), thereby determining their remaining RLS (rRLS). In these experiments, we used the rRLS as a surrogate marker for generational age of the C. neoformans cells because unlike S. cerevisiae, bud scars do not adequately reflect the generational age of old C. neoformans cells (see Fig. S1 in the supplemental material). The rRLS was compared to the full RLS potential of virgin cells. The median rRLS of CSF-derived cells (Fig. 3D ) was significantly shorter than the median RLS of cells in the inoculum (Fig. 3C ). In addition, the rRLS continued to shorten in the course of chronic CNS infection (Fig. 3E and F) .
We entertained an alternative explanation for the shortened RLS and increased size, which could be affected by host conditions, such as temperature (28) or starvation stress (29, 30) , both of which have been documented in S. cerevisiae to affect cell size and RLS. However, temperature is not a concern, because C. neoformans is a human pathogen, and all strains used are derived from patients and already adapted to 37°C. Cell size (data not shown) and RLS (see Fig. S4A in the supplemental material) of RC-2 cells ® was unaffected at 30°C or 37°C. To assess the effect of starvation stress, we grew RC-2 cells for a prolonged time under conditions mimicking human CSF, where we changed medium every 12 h. Under these conditions, cells divided every 12 h and retained a mean cell size of 5.0 Ϯ 0.9 m and a median RLS of 51 generations (Fig. S4B) , both of which were comparable to the average cell size and RLS (Fig. 3B and C) of the inoculum that mostly contains young cells (overnight culture). Additionally, C. neoformans cells derived from CSF at all 3 time points continued to actively multiply and exhibited budding (Fig. 3D to F, insets) with indices of 18 to 20%, which was not the case in S. cerevisiae cells that underwent starvation stress (29) . Rat CSF contained white blood cells and C. neoformans cells. Rats died eventually of CME with high brain CFUs (10 6 [data not shown]), further documenting ongoing pathogen replication.
Evidence for in vivo selection of cells of advanced age in human CME. Next, the rRLS of C. neoformans cells directly derived from sequential lumbar punctures of two patients was determined. In both patients, CSF was isolated for initial diagnosis, and at 6 or 9 days as part of standard care. Both patients were treated with amphotericin B (AMB) only. Consistent with the accumulation of older cells, a significant increase in cell size was observed throughout the course of CME in cells derived from sequential isolates ( Fig. 4C and G) . In patient W911, C. neoformans cells from the first CSF sample collection on day 0 (W911A [ Fig. 4B] ) exhibited a median rRLS that was comparable to the median RLS of young W911A cells of an overnight culture (Fig. 4A ) (P Ͼ 0.01 by Wilcoxon rank sum test). Notably, the rRLSs of these cells had a wider range than the overnight culture, and a trend suggesting the accumulation of older cells was apparent. C. neoformans cells were collected from CSF on day 9 after diagnosis (W911B), and cell size was measured (Fig. 4C) . The rRLS could be determined on only 12 cells on this sample, of which 50% replicated 1 or 2 times and then stopped. C. neoformans cells from the first collection of CSF (M511A) from patient M511 arrived late, and although the cells were viable, transport was too long to determine rRLS accurately. C. neoformans cells from the second collection of CSF at day 6 (M511B) demonstrated a significantly shorter rRLS (Fig. 4F) than the overall RLS potential of the M511A strain (Fig. 4E ) (P Ͻ 0.01 by Wilcoxon rank sum test), consistent with the accumulation of older cells after exposure to selection, namely, the host immune response and AMB treatment. We hypothesized that AMB would be less effective on older cells, thus leading to their selection, and tested this in vitro. As expected for both C. neoformans strains, in vitro killing assays with AMB demonstrated that 10-generationold cells exhibited more resistance when exposed to AMB (Fig. 4D  and H) , and dissection of these cells confirmed the expected rRLS (approximately 10 generations shorter than that of the overnight culture [see Fig. S5A and S5B in the supplemental material]). This validated the accuracy of this assay and suggested that AMB itself does not shorten RLS. Importantly, enhanced AMB resistance of older cells was not documented for 10-generation-old S. cerevisiae cells, which showed enhanced sensitivity to AMB (see Fig. S5C in the supplemental material).
Mathematical modeling explains experimental data in rat and human CME. Finally, mathematical modeling was used to validate our hypothesis. A Leslie matrix model was employed to determine whether selection could explain the trend toward accumulation of older cells, which are otherwise rare in a growing population. Instead of assuming a clonal expansion, the model accounted for dynamics of an age-structured population by considering the average offspring (fecundity) of each age class (generation) and its respective survival rate (fitness) (see Fig. S6 in the supplemental material). A scenario with no selection and an exponentially decaying fecundity was suitable as a null model for the in vitro behavior of C. neoformans cells. The age distributions obtained under these assumptions indicate that finding old cells is unlikely (Ͻ1% [data not shown]). Then, when a Gaussian function was used for parameterizing fecundity, an age distribution mimicking the ones observed in vivo after selection was obtained. It is not unreasonable to consider that the fecundity of the younger generations was effectively reduced in vivo due to the higher selective pressure or higher clearance of younger cells. Thus, this "effective fecundity" Gaussian function, different from the exponential one observed in vitro, could be considered to result from selection not accounted by the fitness function of the model, which included implicit DT differences. Under these new fecundity conditions, using a constant fitness function, the minimum chi-square (a measure of the difference between the observed and predicted age class distribution) obtained was high (Fig. 5A) , and thus, the distributions did not show a bias toward the older generations (Fig. 5B) . When a fitness function that shifted toward the older generations (whereby older cells are fitter/more resilient) was used, the minimum chi-square improved substantially (Fig. 5C ), obtaining distributions that showed a bias toward the older generations (Fig. 5D) . This reproduced the qualitative behavior of the experimental data in rat and human CME (Fig. 3D to F and Fig. 4B and F) . Therefore, to explain the observed experimental data, our model suggests a fitness regimen where older cells are selected because they are fitter (more resilient) than younger cells in the host environment.
DISCUSSION
This study for the first time examined RLS in C. neoformans and established that RLS is a reproducible but highly variable trait among C. neoformans strains, which is similar to the situation in S. cerevisiae (31) . The RLSs of the two serotypes of C. neoformans were comparable, and all strains tested had similar phenotypic features. Specifically, a gradual increase in cell size and constant doubling times for the first two-thirds of life was followed by a rather abrupt transition to advanced age with prolonged doubling time and impaired fitness. We found that cells of advanced age were smaller than previously described giant cells, which emerge in a comparably shorter time (15, 32, 33) . Our data indicated that cells of advanced age die by apoptosis analogous to S. cerevisiae (34) . It remains unclear whether C. neoformans cells die only by apoptotic death and whether this mechanism of death in the CSF relates to the commonly observed paucity of inflammatory response in patients with high fungal burden (35, 36) .
Being an accidental but successful pathogen with a broad host range, C. neoformans has adapted its regulatory pathways to survive in multiple hosts (37) . Host selection pressure can also promote the emergence of variants with genetic and epigenetic changes. Therefore, it was of particular interest to investigate generational aging in the setting of host selection pressure. Although our data clearly demonstrated that advanced generational age in C. neoformans cells conveys resistance to macrophage and antifungal killing, one cannot necessarily deduce from these data alone that older C. neoformans cells would be selected in vivo and thus matter for virulence.
The phenotype of an older cell may convey resistance similar to genetic mutants or phenotypic switch variants; however, it is not inherited by the daughter cell, except in progeny derived from very old mothers as found in S. cerevisiae (38) . Consequently, old cells should not statistically dominate in a replicating pathogen population, as was predicted in our mathematical model; in fact, they are expected to be exceedingly rare unless there is overwhelming selection for that specific phenotype, resulting in a shift to a population composed of older generations. Because bud scar stains cannot identify old C. neoformans cells, we devised an indirect method to demonstrate that in fact, older cells accumulate during chronic infection. We used a well-characterized rat infection model (21, 22) , which allowed us to closely mimic human CME and institute appropriate controls. This model avoids confounders of drug treatment or patient status, as is the case with the human data, and has the advantage of a larger sample size. Rats infected intracisternally with a small number of young C. neoformans cells underwent weekly CSF collections, and cells were immediately measured to determine their size or microdissected to determine their rRLS. These serial collections demonstrated that C. neoformans cells increased in size and displayed significantly shorter rRLS during chronic infection. We concluded that C. neoformans cells of advanced age accumulate and thus complete fewer replications than virgin cells. The results of our mathematical modeling were consistent with our conclusion and suggest a fitness regimen where older C. neoformans cells are selected because they are fitter than young C. neoformans cells in the host environment.
Several other explanations for loss of RLS were entertained. One was switching of SM to MC, which would result in a variant with a shortened RLS. This was not observed and usually occurs later in the course of chronic infection (39) . Another alternative explanation for the shorter RLS was that it was due to starvation stress in the host, which results in a shorter RLS in S. cerevisiae (29) . Because bud scar count cannot be used to determine generational age of C. neoformans, we cannot completely rule out this possibility. However, our data do not support this conclusion. First, in rats, the percentage of dead cells (cells without RLS) was ® much smaller and only slowly rose over 1 month of infection to a maximum of 12% compared to 50% in S. cerevisiae (29) . Second, C. neoformans cells actively grew in the CSF as evidenced by budding indices and 4-log-unit increases in CFU (21, 22) . Third, the shortened RLS observed in the in vivo-derived C. neoformans cells was not reproduced in cells exposed to maximal starvation stress during in vitro growth. Finally, the cell size of CSF-derived cells was consistent with their estimated generational age in vitro, and in vitro starvation did not increase cell size on its own. It is noteworthy that larger C. neoformans cells have also been observed in electron microscopy pictures of tissue derived from chronically infected mice (40) . All these findings support our conclusion that the shortened RLS and the increased cell size do in fact reflect a change in the generational distribution of the pathogen population because young cells are killed more readily and older cells persist. This may also explain why MICs, which are done with young cells, commonly do not correlate with clinical outcome in fungal infections (5, 41) .
Whether a shortened or extended RLS confers a benefit to a C. neoformans strain cannot be conclusively determined from these data. A simple genetic approach to fulfill Koch's postulate is difficult to design, because the loss of genes known to affect longevity commonly affect growth, and the interpretation of survival experiments with such null mutants would be impossible (42, 43) . Also, multiple virulence traits can be identified in clinical strains (44, 45) , making associations between RLS of a strain and virulence challenging. Both hypervirulent switch variants manifest considerably shortened life spans and seem to have traded longevity for virulence. Also, most of the sequential pairs of C. neoformans strains demonstrate a shortened RLS rather than an extended one. Investigations on long-lived S. cerevisiae mutants indicate that prolonged longevity comes at the cost of fitness early in life (46) , which could be detrimental for a pathogen that has to establish an infection in a defensive host environment. Recent genomic studies on a pair of sequential C. neoformans isolates identified genetic changes that affect transcriptional regulators (47) . Our data may indicate that a strain with a shortened life span may acquire the beneficial "old" phenotype earlier, and thus would be more resilient under host and antifungal attack. What causes the RLS to shorten is unclear. The fact that the shortened RLS is not reverted or only partially reverted in the switch variants suggests potentially complex epigenetic regulation or permanent loss of genes.
Although aging in prokaryotic and eukaryotic organisms is fundamentally different and cannot be compared, recent studies of Mycobacterium smegmatis indicate that older bacterial cells are also more resistant to antimicrobial agents (48) . Thus, the concept of generational phenotypes that promote their selection in human hosts treated with antimicrobial agents seems to also be suggested in this study and may be relevant for other fungal pathogens that can infect the human host, such as Candida albicans and Candida glabrata, which replicate similarly. For C. neoformans cells with a relatively short RLS, a midlife yeast phenotype may strike the best balance to maintain chronic infection, having acquired considerable resistance while maintaining good replication at virtually the same DT. Alternatively, strains with an extended RLS could conceivably have a different biological benefit, as they may be more likely to sustain growth of the yeast population over a long time in vivo and promote latency. Although the slower DT of older cells may protect them against antifungal action as is the case with cancer therapies that target the fastest growing cells (49), we do not believe that it is the main mechanism of the observed resistance. In the macrophage-and antifungal-mediated killing assays, differences in DT between young and older cells were controlled for (see Text S1 in the supplemental material). Additionally, 15-generation-old cells do not grow slower than 0-generation-old cells, because for most strains, 15 generations is before their median RLS. These cells are not senescent, and they can still replicate and establish infection. Our earlier data suggest that the cell wall size is markedly increased in older C. neoformans cells (20) , which could result in decreased penetration of antifungal agents.
It is noteworthy that although this study established common phenotypic characteristics, such as increased cell size and variability in RLS in S. cerevisiae and C. neoformans cells, it also delineated important differences between these fungi, especially with respect to the resilience of older S. cerevisiae and C. neoformans cells. Older C. neoformans cells are resistant to macrophage, H 2 O 2 , and AMB killing, whereas older S. cerevisiae cells are not. Most likely, the scattered budding of S. cerevisiae cells weakens the cell wall more than in C. neoformans, where bud scars seem to heal. This observation highlights the possibility that resilience and potential selection of older fungal cells may be affected by coevolution in the host environment, and thus, data derived from S. cerevisiae cannot necessarily be applied to human fungal pathogens.
Finally, our results encourage research on cellular aging in fungal pathogens, as age is an emerging natural trait that contributes to virulence, and targeting the process of aging could constitute a novel therapeutic approach in antifungal therapy.
MATERIALS AND METHODS
Strains. S. cerevisiae or C. neoformans strains and media used in this study are listed in Text S1 and in Tables S1 and S2 , respectively, in the supplemental material.
RLS and rRLS determination. The RLS of C. neoformans strains (Table 1) was determined by microdissection as previously published for S. cerevisiae (23) with some modifications. Briefly, 20 to 40 cells of each strain of C. neoformans were arrayed on a yeast extract-peptone-dextrose (YPD) agar plate maintained at 37°C. The first bud of each cell was identified as the virgin mother cell, which then grew in size with every budding event and could easily be distinguished. New buds from the mother cell were separated at the end of each division (1 to 2 h) using a 50-m fiber optic needle (Cora Styles) on a tetrad dissection Axioscope A1 microscope (Zeiss) at a magnification of ϫ10. The plate was returned to the incubator after each separation or to 4°C overnight to prevent excessive budding. The study was terminated when cells had failed to divide for 24 h, and then the plates were kept and incubated for an additional week to ensure that the failure to divide was from death, not cell cycle arrest. The RLS or rRLS of each cell was the sum of the total buds until cessation of division. The rRLS was determined the same way on C. neoformans cells derived directly from rat cisternal punctures (21) (see Text S1 in the supplemental material) or on C. neoformans cells (M511A, M511B, W911A, and W911B) derived directly from lumbar punctures of patients at hospitals affiliated with the Albert Einstein College of Medicine. Human experiments were carried out with the approval of the Albert Einstein College of Medicine Institutional Review Board.
Isolation of cells of advanced age. 0-generation-old C. neoformans cells of newly budded cells were isolated by counterflow centrifugal elutriation (20) , labeled with Sulfo-NHS-LC-Biotin (Thermo Scientific) (sulfosuccinimidyl-6-[biotin-amido]hexanoate) and then grown for 5 or 6 DT in SDϩ medium (see Table S2 in the supplemental material). Larger cells were separated by elutriation, labeled with streptavidin-conjugated magnetic microbeads (Miltenyi Biotec, Auburn, CA), and then isolated on an LS magnetic column (Miltenyi Biotec). The purity of older cells was confirmed on a sample by fluorescein isothiocyanate (FITC)-conjugated streptavidin labeling, then the cells were regrown in new medium to prevent stationary growth as confirmed by increasing cell number, and the procedure was repeated to obtain older cells of interest. Cells that washed off from the column when the cells were on the magnet were used as a control for young cells (referred to as overnight [O/N] culture), as they had undergone the same manipulations used to obtain the older cells with the exception of biotin or streptavidin conjugate labeling. Older S. cerevisiae cells were isolated by an initial round of elutriation, followed by magnetic bead selection only.
Apoptosis stain. 14-generation-old H99, 10-generation-old ISG12, or young (O/N culture) cells of each strain were stained with FITCconjugated annexin V (stain green) and propidium iodide (stain red) in annexin V binding buffer per the instructions of the kit (Abcam). For a control, an O/N culture was incubated in 175 mM acetic acid for 200 min to induce apoptosis.
Mathematical modeling. Briefly, the Leslie matrix of an agestructured population was built as previously described (50) and used to model the aging phenomenon, being defined by the average offspring or fecundity (f i ) of each age class and their respective survival rates (s i ). See Text S1 in the supplemental material for additional details.
Additional methods. For immunofluorescence image capture, cell size measurements, H 2 O 2 disc diffusion assay, phagocytosis index, macrophage-or antifungal-mediated killing assays, animal infection models, and detailed elutriation protocol, see Text S1 in the supplemental material.
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